Introduction
We have developed a total-internal-reflection method coupled with thermal lens spectrometry (TIR-TLS), 1,2 whose signal intensity results from the absorption of an evanescent wave by the sample, followed by non-radiative relaxation. TIR-TLS is applicable to fluorescent as well as non-fluorescent samples. In fluorometry, photobleaching often occurs and sometimes becomes a serious problem, while it occurs less often in TLS, because non-fluorescent samples quickly relax into the ground state through a non-radiative process; they do not stay in the excited state for a long time, which is chemically unstable. We applied TIR-TLS to monitoring the diffusion of cations into a phospholipid bilayer for several tens of minutes, 3 and revealed that the method had sufficient sensitivity, and that it avoids the problem of photobleaching.
Cell membranes are important and interesting, not only because they form a boundary that divides the inside and outside of cells, but also because the membrane has a homeostatic action, such as ion pumping through the membrane proteins. Artificial membranes, or phospholipid membranes, have been widely used to understand biological mechanisms at the molecular level. These membranes were thought to be uniform, but recently, it has been revealed that they consist of small domains, 4 whose structure and dynamics become attractive for physical chemistry and biochemistry. In order to obtain images of the surface and/or inside of membranes, they have to be measured by a method that is a non-destructive and non-contact type with a spatial resolution of several micrometers and high sensitivity.
Because TIR-TLS had sufficient sensitivity to measure membranes without serious photobleching, we developed a microscope using TIR-TLS for imaging surface/interface microstructures, such as cell membranes. TIR-TLS scanning microscopy could obtain images of almost invisible samples without any serious degradation of the lateral spatial resolution. 5 In TIR-TLS scanning microscopy, a focused excitation-beam is used as a probe for scanning microscopy. It is important to exactly adjust the distance between the sample and the converging lens to its focal length. In this study, we investigated the way to adjust the distance before taking images. The lateral resolution was compared with the theoretical one to check whether the optics worked as theoretically expected. A converging lens with a shorter focal length, or higher numerical aperture (NA), was used for the TIR-TLS scanning microscope. The result is also reported.
Experimental
The design of the optical components of the TIR-TLS microscope, shown in Fig. 1 In scanning microscopy by total internal reflection with thermal lens spectroscopy, its spatial resolution depends on the distance between the sample and a converging lens, which corresponds to the objective lens in an ordinary optical microscope. It was found that the resolution was best when the signal induced by the thermal lens effect was maximum.
The distance was precisely adjusted by monitoring the signal intensity, and the resolution became twice better than that previously reported. Using a shorter focal-length lens, a resolution of 1.9 µm was attained. instruments. Briefly, the beam from an excitation laser (Ar + laser; Spectra-Physics Stabilite 2017, 488 nm) was focused on an interface between a trapezoidal prism (BK7, n = 1.522 at 488 nm) and a sample under the condition of total internal reflection (angle of incidence, 70 degree). A probe beam (HeNe laser; Melles Griot, 633 nm, 5 mW) was expanded by a photothermal lens induced by a local temperature increase by absorption of the excitation beam. The excitation beam was modulated by an optical chopper, and the output of the photodiode fluctuated at the chopping frequency. The intencity of the fluctuation synchronizing with the modulation, or signal intensity, was determined by a digital lock-in amplifier (Stanford, SR630). The excitation and probe beams were perpendicularly introduced to face A and the bottom face of the prism, as shown in Fig. 1 . The direction of the x-axis was parallel to both the plane of incidence and the prism/sample interface, and the direction of the y-axis was perpendicular to the plane of incidence. When the prism was translated in the x-direction, as shown by a light color, both of the beams were fixed at the proper positions, and, for the same reason, the beams were fixed in y-direction translation. Therefore, images in TIR-TLS were obtained by translation in the x-and y-directions by computercontrolled stages. The converging lens was placed on a translation stage with a micrometer screw to slide it in parallel to the optical axis of the excitation beam.
The sample was a chromium thin film, as shown in Fig. 2 . Films were made on a prism by a sputtering technique, and then half of them were removed by photolithography to make the film edge straight to a precision of several micrometers. The straightness was confirmed by an optical microscope. A sample cell was filled with ultra-filtered water.
The resolution was defined as the distance where the signal intensity changed from 25% to 75% of the highest value, or FWHM, when the excitation beam was scanned from a chromium-uncoated area to a coated one. 
Results and Disscussion
Since the spot of the excitation beam at the interface is used as a probe of TIR-TLS microscopy, its lateral resolution is dependent on the diameter of the beam, and it is important for the resolution to exactly adjust the distance between the sample and the converging lens. In ordinary optical microscopy, it is possible to obtain an image in an instant, and the distance is adjusted to minimize the blur of the image. In our scanning microscopy, it is not good to adjust the distance using the image, because it takes at least several minutes to obtain the image. In previous work, the distance was adjusted by minimizing the spot size of the excitation beam by eye. However, because the spot was too bright, it was not easy to distinguish a slight difference in the size visually. Usually, the signal intensity became a maximum when the optical alignment was optimal, and we expected that the signal intensity could be utilized to adjust the distance.
We examined the dependence of the resolution on the distance between the converging lens (focal length, 65 mm) and the sample; the result is shown in Fig. 3 . At first, the distance was adjusted so that the spot size of the excitation beam became roughly the minimum, and then the alignments of other optical components were optimized. The initial position of the converging lens corresponds to 0 µm in Fig. 3 , and the positive numbers in the figure mean the direction that the lens approaches the sample. The resolution in the direction of the xaxis at each position was obtained by scanning the prism surface, whose half area was covered by the chromium film; the modulation frequency and the power of the excitation beam were 1260 Hz and 23 mW, respectively. The position at which the signal intensity was maximized almost agreed with that at which the resolution was best; we found that monitoring the signal intensity could be utilized to adjust the distance between the converging lens and the sample. The shape of the curve of resolution was asymmetrical, which might have resulted from the beam being far from the axis, as described below. When the focal length of the converging lens is shorter, the distance should be adjusted with more accuracy and difficulty. This adjustment method is more important for a shorter focal-length lens.
The lateral resolution was obtained using this adjustment method, and the obtained resolutions in the x-and y-directions were 18 µm and 6.8 µm, respectively, which were about twice better than that given in a previous report. 5 The improvement was mainly due to the adjustment method, but was also due to improvements in our skill to align optics, sample preparation, and so on. The diameter (ω) of the spot of the excitation beam on the sample is given by the following equations:
where subscripts x and y mean the x and y directions, The chromium film covered half of a glass plate, and its edge was made by a photolithograph technique in order to make the edge straight. In the dotted area, a part of the beam was absorbed by the film. Fig. 3 Dependence of the lateral resolution and the signal intensity on the distance between the sample and the converging lens. The distance was at first roughly aligned (defined as 0 µm in the figure) .
The sample was then scanned in the x-direction at each distance, and the resolution was obtained.
respectively; λ, r0, and θ are the wavelength, radius and incident angle of the excitation beam, respectively, and f is the focal length of the converging lens. The radius r0 and the focal length f were 875 µm and 65 mm, respectively, and the spot diameters in the x and y directions were calculated at 67 µm and 23 µm, respectively. Since the lateral resolution of TIR-TLS microscopy is 61% of the beam diameter, 5 we estimated the resolution to be 41 µm and 14 µm in the x and y directions, respectively, from the calculated diameter. The resolution experimentally obtained was about twice smaller than the estimated one, or the experimental one was smaller than the resolution calculated from Rayleigh's criteria. We presumed that the actual diameter of the spot on the sample was smaller than the calculated one. To obtain the diameter, we measured the intensity of reflected light around the edge of the chromium film by scanning a prism in the direction of the x axis, as shown in Fig. 2 . If the spot is small, the intensity of the reflected beam sharply increases or decreases as the prism translates, and it is possible to determine the diameter from the relation between the intensity and the moved distance of the prism.
The beam spot of the excitation beam on the sample forms the shape of an ellipse with the center at (d, 0), and the distribution of the intensity on the sample is given by
where I0 is the intensity of the incident beam. When the excitation beam was reflected by chromium film, which is shown as the dotted area in Fig. 2 , the beam was partially absorbed by the film. The absorbed energy, Q, was given as (4) where s is the distance between the y-axis and the edge of the chromium film, respectively, k′ is the light absorptivity of the film, and Erfc(z) is a complementary error function, defined as
Because the incident beam (I0) is absorbed at the film by Q(s), the reflecting beam intensity (R) is given by (6) The intensity was experimentally obtained by scanning the prism in the direction of the x-axis as shown in Fig. 1 . The results are represented as filled squares in Fig. 4 . The solid curve line was derived from fitting Eq. (6) to the experimental results by adjusting the parameters, ωx, d and k′. Usually, it is not easy to simultaneously determine three parameters by curve fitting, because one parameter interacts with the other, like in fluorescence lifetime measurements. However, ωx, d and k′ do not interact with each other; ωx, d and k′ represent the center position, the difference between the maximum and minimum values, and the slope of the curve line in Fig. 4 , respectively. The diameter of the spot (ωx) was estimated to be at 30.5 µm, which was about twice smaller than that estimated from Eq. (1). Since the resolutions were 61% of ωx and ωy, the resolutions in the x and y directions were 19 µm and 6.4 µm, respectively, which agreed well with the experimental resolution, and the optical system worked as expected, except for a small spot beyond anticipation.
When the excitation beam was condensed by the same prism without passing through the prism, the diameter at the beam waist was almost the same as that estimated from its NA, 5 while the actual diameter with the prism was twice smaller than the estimated one. Because the NA is not high (NA = 0.013), we tried to estimate the diameter in the prism after passing through its flat surface (Surface A in Fig. 1 ) based on the theory of paraxial ray, or ABCD theory. 6 However, it resulted that the diameter was not influenced by the refraction at the surface of the prism. We consider that the beam far from the axis influenced the over-focusing of the beam, and calculation based on Fresnel diffraction is needed for the estimation, which is usually difficult problem.
We tried using a higher NA converging lens, or an objective lens (Sigma-koki, f = 16 mm) of an ordinary optical microscope. Figure 5 shows the result of y-direction scanning of the sample, whose upper half area of the glass plate was covered. The intensity and modulation frequency of the excitation beam were 13.2 mW and 1370 Hz, respectively. Since the lateral resolution is proportional to the focal length, the resolution in the y-direction was expected to be 1.67 µm based on the experimentally obtained resolution (6.8 µm). The experimental resolution in the y-direction was 1.9 µm, which is slightly worse than expected. This is probably because of difficulty to align the optics, and incompleteness of the straightness and sharpness of the film edge.
Since the signal of TIR-TLS is made only by analytes at the excitation beam spot, the resolution of scanning TIR-TLS microscopy is independent of the thermal diffusive length of the samples, while some other photothermal microscopy, such as scanning photoacoustic microscopy, is dependent on the thermal diffusion length. Therefore, it is not expected that the resolution becomes worse when monitoring lipid membranes by the scanning TIR-TLS microscopy. Some of the micro-domains in the lipid bilayer are tens of µm in width, and our microscopy could be applied to the monitoring of such micro-structures.
